An RNA model system consisting of an oligomer binding to a 4-nt overhang at the 5' end ofa hairpin stem provides thermodynamic parameters for helix-helix interfaces. In a sequence-dependent manner, oligomers bind up to 1000-fold more tightly adjacent to the hairpin stem than predicted for binding to a free tetramer at 370C. For reaction (19, 20). Synthetic details will be provided elsewhere.
RNA is important for translation, regulation, and catalysis and as a target for therapeutics (1) . Understanding and controlling these functions require knowledge of RNA structure. Although RNA sequences are being discovered rapidly, only three-dimensional structures of tRNA are known (2, 3) . Thus, various approaches have been devised for modeling RNA structure (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . One approach used independently or in combination with others is free-energy minimization (10) (11) (12) (13) (14) (15) . This approach provides a first-approximation prediction of secondary structure from sequence. One motifthat is often predicted poorly is the multibranch loop or junction, where three or more helixes converge (15) . Coaxial stacking of helixes in multibranch loops is seen in the crystal structures of tRNAs (2, 3) . Coaxial-stacking interactions, however, are not included in previous algorithms for free-energy minimization (12) (13) (14) . Here we provide evidence that coaxial stacking provides large, favorable free-energy contributions. Inclusion of such interactions leads to improved predictions of RNA secondary structure.
MATERIALS AND METHODS Oligonucleotides. Oligoribonucleotides were synthesized by standard methods (16) (17) (18) , and one hairpin was extended by adding pUp with the T4 RNA ligase reaction (19, 20) . Synthetic details will be provided elsewhere.
Measurement of Thermodynamic Parameters. The buffer for melting experiments was 1 M NaCl/10 mM sodium cacodylate/0.5 mM EDTA. Absorbance versus temperature curves were measured at 280 nm with a heating rate of 10C/min. These curves were analyzed by fitting to a two-state model with sloping base lines through use of a nonlinear least-squares program (21) .
Predictions of Secondary Structure. Sets of 20 secondary structures were generated with the program of Zuker (12) , 1) 5 ' GGAC3' + 5 'GUCC3' = 5'GGAC3' 3 ' CCUG5'
2) 5'GGhCCGGUGGCGC + 5'GUCC3' Absorbances were normalized by dividing by the absorbance at 670C. Sequences are shown above. Curve 1 has one transition for the tetramer duplex melt. The first transition of curves 2 and 3 represents melting of the short oligomer from the hairpin. This transition is fit to obtain the coaxial stacking parameters. The second transition is the melting of the hairpin with a tm > 100'C. The concentrations and tm values for the curves are as follows: 1.20 x 10-4 M and 12.6TC for curve 1, 1.59 x 10-4 M and 42.3YC for curve 2, and 1.18 x 10-4 M and 37.7'C for curve 3. and the AG'7 for each structure was then recalculated with possible coaxial stacking and a Jacobson-Stockmayer function for multibranch loops larger than 6 nt [AG37 (kcal per mol; 1 cal = 4.184J) = 4.6 + 0.1 (no. of helixes) + 2.4 + 1.1 in (no. of unpaired nt/6)]. Thermodynamic parameters were those listed by Jaeger et al. (14) with the following exceptions. (i) G-U pairs were from He et al. (22) . (ii) The asymmetry penalty for internal loops with branches ofN1 and N2 nucleotides was the minimum of 3.0 or 0.3 IN, -N2I kcal/mol, and internal loops of three were given a AG'7 for loop closure of 5.1 + 0.3 = 5.4 kcal/mol (23) . (iii) Stacking and pairing of terminal mismatches were included in calculating free energies of internal loops in the following manner. Single mismatches were given AG7 = 0.8 kcal/mol. For larger internal loops, terminal GA, UU, and other mismatches adjacent to COG pairs were given favorable free energy increments of -2.7, -2.5, and -1.5 kcal/mol, respectively (24 (25) . The structures with lowest free energy before (optimal) and after recalculation (coaxial stacking plus Jacobson- Stockmayer reordered optimal) were compared with phylogenetically determined secondary structures as described by Jaeger et al. (14) . For folding, RNAs were divided into domains as described by Jaeger et al. (14) , except (Fig. 1) . The hairpin is designed to be stable below 800C so that the transition involving GUCC binding can be followed separately. As shown in Fig. 1 tMeasured AAG°37 = AG37 (hairpin + short oligomer) -AG'7 (short oligomer duplex), e.g., AAG37 = AG?7 (CCACuGGUGGC GC) C)G37 (CGCGA) 37 3
U~~~~~~vCU~CACCGAA
Measured AG°37 values are from t-1 vs. log(Ct/4) plots. Predicted AG37 values (31) were used for GGuA and GGAG because experimental parameters were unreliable due to low melting temperatures. The experimental AGl7 for ACCUGU was used for this sequence and for ACCUG because the predicted AG°of5'Uc-3' is 0.0 kcal/mol (13) . For oligomers with a5' unpaired nucleotide, the duplex was subtracted without adding the AG37 for the 5' dangling end because this interaction is expected to be different between binding of a short oligomer to another short oligomer and to the hairpin. This AGl7 is expected to be only -0.2 kcal/mol (13) and thus will not affect any conclusions. Errors in AAG37 are estimated as 0.2 and 0.1 kcal/mol, respectively, when predicted and measured AGl7 values are used.
tValues in parentheses are corrected (Corr.) for stacking of any unpaired 3' nucleotide on the hairpin stem: AAG37 (corrected) = AAG37 (uncorrected) + AG37 (predicted for displacing 3' dangling end), where AGI7 (predicted for displacing 3' dangling end) is the nearest-neighbor AG37 for the 3' mismatched nucleotide of the hairpin stem (13) . §The case of -TV-was attempted but did not exhibit a first transition melt. This was probably due to the dangling 3'-U forming a GU mismatch at the end of the hairpin, precluding binding of tetramer to the hairpin. SNumbers in parentheses are predicted values. 1994) helix-helix interface illustrated in Fig. 1 , this corresponds to 3.0 ± 0.2 kcal/mol more favorable free energy of duplex formation at 370C, AAG'7, over that expected for the isolated (GGAC)'(GUCC) duplex (Table 1) . The (GGAC)-(GUCC) duplex melts at too low a temperature and with too broad a transition for measurement of accurate thermodynamic parameters (see Fig. 1 ). Thus AG37 was predicted from known nearest-neighbor parameters (31) . The predicted AG7 is consistent with parameters derived from fitting melting curves for (GGAC)-(GUCC) at =1 mM oligomer concentration and with parameters measured for the more stable duplex (GGAC)-(UGUCCA) ( Table 1 (13) . Presumably, these interactions must be broken to allow the oligomer to bind tightly. Data for stacking of 3' unpaired nucleotides can be used to estimate the AG37 associated with breaking these interactions. These correction terms are 1.7 G and 1.2 kcal/mol for 3'-AC and 3,_UC ends, respectively (13) .
Thus the corrected AAG°7 for coaxial stacking in the presence of a 3' unpaired adenosine or uridine at the helix-helix interface is -2.9 and -2.7 kcal/mol, respectively, close to the values observed in the absence of a 3' unpaired nucleotide. This corrected AAG37 represents the magnitude of the favorable interactions at the helix-helix interface. An alternative model in which the 3' unpaired nucleotide remains stacked by intercalation between the base pairs at the interface gives the same total free energy for the sum of the 3' nucleotide and coaxial stacking.
To determine the effect of extending both sides of the helix-helix interface by one unpaired nucleotide, the binding of 5'-XGUCCA-3' sequences to hairpin stems beginning 5'-GGACG-was studied ( c nearest-neighbor interaction in an intact helix (31) .
The effects of chain extension on the thermodynamics of the C interface were explored by measuring the binding of (Table 1 ). In the latter case, the corrected AAG37 for UCUCC binding is -2.6 kcal/mol, somewhat less than the AG37 of -3.4 kcal/mol for a C-G interaction in an intact helix (31) . The corrected AAG°7 for 5'-CUCC-3' binding to the overhang with the GA mismatch is -3.4 kcal/mol, compared with -4.3 kcal/mol in the absence of the adenosine. Thus the 3' adenosine terminating the hairpin stem may affect the interactions at the helix-helix interface. Nevertheless, for both interfacial sequences studied, the AG'7 for base pairs in intact helixes are reasonable approximations for stacking interactions in the presence of extended chains at the interface.
Phylogenetic structures for ribosomal RNA (6, 32) were studied to determine the number of occurrences of helix-
occurs 63 times, and .Q. occurs 33 times.
A 5' unpaired uridine extending from the C-G interface occurs G/C 57 times, and an adenosine four times. As the 3' extension of the CG interface, adenosine is present four times, and uridine is present 12 times. The G-C helix-helix interface is extended C/G at the 5' position by an adenosine 17 times and by a uridine (6) (7) (8) 32) . The effect of coaxial stacking of adjacent helixes and helixes separated by a GA mismatch on prediction of RNA secondary structure was tested in a preliminary way by including favorable free energies for these motifs in a program that recalculates free energies for sets of secondary structures. In these calculations, helix-helix interfaces with only Watson-Crick pairs in multibranch loops were assigned a bonus free energy equivalent to that for the same nearest-neighbor interaction in an intact helix (31) . Helix-helix interfaces with a GA mismatch in multibranch loops were assigned a bonus free energy of -1 (6) . kcal/mol in addition to the usual free energy for stacking. This is based on stabilities ofGA mismatches in internal loops and hairpins (25, 30, 33) . A Jacobson-Stockmayer function (34) was also used to calculate AG0 for multibranch loops having more than six unpaired nucleotides. For each RNA sequence, a comparison was made between the secondary structure deduced from phylogenetic analysis and that predicted by free energy minimization with the Zuker algorithm (12) , which does not include coaxial stacking (optimal) or with that predicted after reordering a set of 20 structures generated by the Zuker algorithm. As shown in Table 2 , incorporation of coaxial stacking and the JacobsonStockmayer function increased average agreement between predicted and phylogenetically deduced secondary structures of 11 RNAs from 67 to 74% (e.g., see Fig. 2 ). The percentage of helixes found in the whole data set increased from 64 to 73%; this percentage was 64 and 71%, respectively, when only the Jacobson-Stockmayer function or only coaxial stacking of Watson-Crick pairs was included in the recalculation. This is the largest single improvement in pre-dictions since the complete set of free energy parameters for nearest-neighbor base pair combinations was measured (31, 35) . When parameters for coaxial stacking were made 1 kcal/mol less favorable, predictions for small subunit rRNAs, the LSU group I intron (I), and yeast B1 (II) were intermediate between the results with and without coaxial stacking shown in Table 2 . When parameters for coaxial stacking were made 1 kcal/mol more favorable, predictions for these six RNAs were essentially the same as with the nearest-neighbor parameters.
The results suggest that coaxial stacking is important for determining RNA structure. It is probably particularly important for the stabilities of multibranch loops and may also be important for pseudoknots (36) . Coaxial stacking may also be important for determining DNA structure, for example, at junctions (37, 38) . A recent study has shown that DNA junctions are more stable when they contain unpaired nucleotides (38) . The unpaired nucleotides could provide flexibility to allow the most favorable coaxial stacking. Presumably, there are also other interactions at helix-helix interfaces that will be important. For example, Michel and Westhof (9) have proposed base triples at helix junctions in the structures of group I introns. The model system used here can also provide thermodynamic parameters for such interactions. Once a reasonable model for secondary structure is available, knowledge of interactions at helix-helix interfaces should also aid modeling of three-dimensional structure because this depends largely on positioning of helixes.
Thermodynamic parameters for helix-helix interfaces may be useful for more than prediction of structure from sequence. For example, it has been shown that circularly permuted sequences of tRNA often form the same structure, even when the sequence is cleaved in the middle of a helix (39) . Coaxial stacking at the cleavage site is probably a factor in stabilizing these structures. Thus data base searches for circularly permuted sequences (39) may benefit from thermodynamic rules that permit prediction of sequences likely to maintain a given three-dimensional shape. It has been shown that a series of short DNA primers can replace a single long primer to prime synthesis by DNA polymerase (40) . Presumably this is due to coaxial stacking between the primers (40) . Related approaches should also be applicable to design ofantisense reagents or therapeutics targeted at RNA (41) . An antisense sequence can be designed to take advantage of coaxial stacking with a helix in the target (Fig. 1) or with a helix generated by binding of a second antisense sequence. This design would enhance both the binding and specificity of the antisense sequence, facilitating the use of short sequences (42) . Knowledge of coaxial stacking and other helix-helix interactions should help in designing such sequences.
